Abstract. In recent years it has become increasingly clear that most remedial technologies fail to completely remove dense nonaqueous phase liquid (DNAPL) from subsurface source zones. Recognition of this limitation leads to the question of what benefit can be achieved through partial removal of DNAPL. To address this issue, a mathematical technique referred to as the multiple analytical source superposition technique (MASST) has been developed. MASST is based on a conceptualization of a DNAPL source zone as a grouping of discrete subzones containing DNAPL (e.g., fingers and/or pools) separated by portions of the aquifer that are entirely free of DNAPL. Using analytical techniques, spatial superposition of responses to multiple sources is used to estimate aqueous mass transfer rates from individual subzones. This procedure accounts for multiple DNAPL subzones with different volumes, geometries, and locations within an overall source zone that is otherwise free of the nonaqueous liquid. The mass transfer rate from a particular subzone is affected by mass transfer from all other subzones in the vicinity. Groundwater flow is assumed to be uniform, and transport processes are considered to be at a steady state. Comparison of MASST results with exact analytical solutions and laboratory data confirms the validity of MASST. Sensitivity analyses indicate that source-zone architecture is a primary factor governing bulk mass transfer and source longevity. Analysis of rate-limited mass transfer within DNAPL subzones and advectivedispersive transport about DNAPL subzones indicates that advective-dispersive transport is the primary factor controlling mass transfer rates. Finally, results indicate that removal of the vast majority of the DNAPL will likely be necessary to achieve significant near-term improvements in groundwater quality.
Introduction
Typically, it is not possible to restore subsurface dense nonaqueous phase liquid (DNAPL) source zones so that they cease to affect exceedance of groundwater standards [U.S. Environmental Protection Agency, 1993]. Recognition of this fact has led to strategies that contain waters that would otherwise issue from the source zones. Containment of source zones reduces ongoing contributions to dissolved plumes. Common containment technologies include hydraulic containment, physical barriers, and reactive barriers.
The above approach notwithstanding, there remains significant pressure to remove mass from the source zone. If it is accepted that complete restoration of the source zone cannot be achieved, it is logical to inquire about the benefits that can be expected from removal of only a portion of the source-zone mass. A premise of our approach is that the benefits that may be derived from partial mass removal will be a consequence of reduced concentration in effluent from the "remediated" source zone. Reduced risk, source longevity, site-care requirements (e.g., monitoring), time of operation of plume control measures (e.g., pump and treat), and, perhaps, enhanced effectiveness of natural attenuation are among the potential benefits. All of these can be directly or indirectly linked to the concentration in waters leaving the source zone.
While these broad considerations motivate our research, it is
Copyright 2001 by the American Geophysical Union. clear that a key technical issue concerns the rate of mass transfer from the organic liquid to the aqueous phase. This paper presents a quantitative analysis of NAPL to water mass transfer in porous media. Through this, insights regarding governing processes are developed. Of course, mass transfer from NAPL to the aqueous phase is the subject of previous studies. A large portion of previous studies concerned the measurement of relevant mass-transfer-rate coefficients. The work presented herein focuses on the incorporation of available results into a computational scheme suitable for the practical estimation of three-dimensional mass transfer from multiple, discrete NAPL subzones. Our method is essentially analytical and therefore is well suited to handle the extreme spatial variation of solute concentration that occurs at various locations within an overall source zone composed of multiple, discrete NAPL subzones.
Conceptual Foundations
The primary focus of this research is chlorinated solvents in relatively uniform granular porous alluvium such as fluvial or eolian sand deposits. This focus notwithstanding, it is noted that much of the described work is applicable to other NAPLs in porous media and that the methods described herein have applicability in more complex hydrogeologic settings. The term source zone in this paper refers to the entire groundwater region in which DNAPL is present [Feenstra et al., 1996] . The source zone is composed of multiple subzones in which the DNAPL resides. Subzones containing DNAPL are separated from one another by portions of the aquifer that are entirely Frind, 1991a, 1991b; Kueper and Gerhard, 1995] . Similar conceptualizations are presented by Cohen and Mercer [1993] and Feenstra et al. [1996] .
Subzones containing DNAPL are distinguished by macroscopic boundaries within which the organic liquid may be continuous or at residual saturation. Because migration of DNAPL is highly sensitive to subtle, small-scale heterogeneity, it is expected that the distribution of DNAPL is complex within a particular source zone and highly variable from one source zone to another. Nevertheless, it is thought that DNAPL subzones often take the geometry of thin, horizontal lenses and pools, interconnected by vertical fingers that approximate the geometry of columns [Anderson et al., 1992] . The term sourcezone architecture is henceforth used to collectively refer to the number, dimensions, locations, and saturations of DNAPL subzones that compose the overall source zone.
The source-zone architecture formed by a particular DNAPL release depends upon the types of geologic units encountered by the DNAPL, the variability of the hydraulic and capillary properties of those units, the location and rates of release, and the properties of the DNAPL Frind, 1991a, 1991b] . It is expected that the flow of DNAPL slows following cessation of a release and a condition of mechanical equilibrium is approached. Interphase mass transfer occurs during DNAPL migration. Such transfer has no significant effect on the eventual source-zone architecture except, perhaps, in the case of DNAPL flow in small-aperture fractures bounded by porous matrix blocks into which components of the DNAPL diffuse [Parker and McWhorter, 1994; Parker et al., 1996] . The primary effect of interphase mass transfer during active DNAPL migration is to establish local dissolved plumes around the still forming DNAPL subzones.
Once migration ceases, it is expected that a complicated distribution of dissolved DNAPL constituents has already evolved within the source zone. The rate of interphase mass transfer expressed by (1) is spatially variable within a subzone. Integration of (1) over the volume of the subzone calculates the total rate of interphase mass transfer attributable to the subzone. Considering a nonreactive contaminant and steady state conditions, the rate of interphase transfer must equal the rate at which dissolved mass is removed from the subzone by the processes of advection and mechanical dispersion. That is, the aqueous concentration within the subzone adjusts until the overall rate of interphase mass transfer is equal to the rate at which transport processes remove the dissolved substance from the subzone.
Multiple Analytical Source Superposition Technique (MASST)
The following describes a new mathematical method for estimating mass transfer rates from complex sets of singlecomponent DNAPL subzones in uniform granular porous media. In general, the approach is analogous to the analytic element method for groundwater flow described by Strack [1989] .
As a convenient shorthand, our method is referred to as MASST, for multiple analytical source superposition technique. Spatial superposition of analytically calculated responses to multiple sources is used to estimate aqueous mass transfer rates from individual subzones. Through this procedure, MASST accounts for multiple DNAPL subzones with different volumes, geometries, and locations within an overall source zone that is otherwise free of the nonaqueous liquid. Mass transfer from all other subzones in the vicinity affects the mass transfer rate from a particular subzone, and such potential interferences are given full consideration in MASST. An interesting aspect of (13) is that it can be used to evaluate the relative significance of so-called "rate-limited mass transfer" characterized by K1 and spatial transport constraints about the DNAPL subzone characterized by F o. For all but very small DNAPL subzones and large seepage velocities, the denominator of (12) and (13) 
Confirmation of MASST
The following presents comparisons of MASST results with exact analytical solutions for simple cases where such solutions are possible. Through this process it is shown that MASST provides accurate solutions to the governing equations. In addition, MASST solutions are fit to laboratory measurements of mass transfer. This effort shows that close agreement is obtained using "typical" transport parameters and further supports the validity of MASST.
The first problem considered is mass transfer inside a uniform DNAPL zone that begins at x -0. This is analogous to dissolution in an infinite column containing a uniform porous medium with uniform DNAPL saturation. The second problem is mass transfer from a uniform plane source that begins at x -0. All calculations were performed using a 120-MHz 
Mass Transfer as a Function of Position Within a DNAPL Subzone
The following presents an analysis of mass transfer rates within a single subdivided DNAPL subzone. This is accomplished using the dimensionless form of MASST to calculate , 1992] , it follows that mass transfer rates will be largely insensitive to DNAPL saturations within subzones. This is a critical conclusion because it suggests that remedial technologies that primarily reduce DNAPL saturation in subzones will have a minor effect on near-term mass transfer rates from DNAPL source zones.
MASST does not account for reduced flow through DNAPL zones due to relative permeability effects. This requires consideration of when the assumption of uniform flow is reasonable. First, the uniform flow assumption is reasonable where DNAPL saturations are low (e.g., in vertical fingers that have drained to residual saturations). Second, the error introduced by ignoring relative permeability effects is small where the height (z dimension) of a subzone is small relative to its length (x dimension) (e.g., thin horizontal lenses and pools). As the height of a DNAPL zone goes to zero, mass transfer due to flow through the DNAPL zone and the significance of relative permeability effects go to zero. Reflecting on drained vertical fingers and thin horizontal lenses/pools as the primary features in DNAPL source zones, the assumption of uniform flow through DNAPL subzones should not introduce large errors in our analysis. Greater attention to mass transfer due to flow through subzones is presented in a subsequent section. Table 1 ). Nevertheless, results in Figure 11 illustrate that the fraction of mass transfer resulting from flow through a subzone, as opposed to that which results from transverse dispersion along the surfaces of a subzone, is a function of subzone geometry and orientation to flow.
Mass Transfer Attributable to Flow
Through DNAPL Subzones
The sensitivity to subzone orientation and geometry illustrated in Figure 11 raises the issue of what fraction of total mass transfer is attributable to flow through a subzone. The importance of this issue is further increased by the fact that MASST assumes a uniform flow field throughout the solution domain. In actuality, owing to relative permeability effects, the presence of DNAPL in the subzone effects flow through and about the subzone [e.g., Powers et al., 1998 ]. The following explores the significance of the assumption of uniform flow within and adjacent to a DNAPL subzone.
As a first step, an estimate of mass transfer due to flow through the subzone is developed. Considering a single DNAPL subzone, the mass transfer rate due to flow through a subzone on a unit volume basis (Mvt) can be estimated as 
Summary
MASST represents a fully three-dimensional analysis of mass transfer from DNAPL subzones that simultaneously ac counts for the rate-limiting aspects of interphase mass transfer and advective-dispersive transport. Through this development it is shown that the primary process limiting mass transfer rates is advective-dispersive transport in the aqueous phase and not the internal rate of dissolution characterized by the mass trans fer rate coefficient. This leads to the complementary observa tions that (1) mass transfer rates are largely independent of DNAPL saturations within DNAPL subzones and (2) reme diations that reduce DNAPL saturations will have little effect on near-term groundwater quality.
MASST also demonstrates that mass transfer occurs primar ily at the leading edges of subzones. Mass transfer through the remainder of the source is inhibited by interference from the upstream portion of the subzone. As a result, mass transfer rates and the duration of mass transfer from individual sub zones is a function of their geometry and orientation to flow.
Long DNAPL pools have low rates of mass transfer per unit volume and consequently persist for long periods of time. Con versely, thin DNAPL fingers have large relative rates of mass transfer per unit volume and persist for relatively short periods of time. Larger rates of mass transfer at the leading edges of subzones also lead to the observation that the dimensions of DNAPL subzones will decrease over time, while DNAPL sat urations within subzones change only slightly. Unfortunately, due to locally larger rates of mass transfer at the leading edges of subzones, near-complete removal of DNAPL subzones is likely required to achieve meaningful improvements in ground water quality.
Considering complex sets of DNAPL subzones, it is shown that interferences also can exist between individual subzones within the overall source zone. Manifestations of interferences between subzones are reduced rates of mass transfer per vol ume of DNAPL subzones and increased source longevity. As a result, remediation that removes subzones that are dependent or activates mass transfer from dependent subzones will have little effect on near-term groundwater quality.
A key feature of the MASST procedure is that it is compu tationally efficient. Within the context of uniform flow condi tions, this makes possible routine analysis of mass transfer from complex DNAPL source zones. The principal limitation of the approach is that real conditions are far more complex than those that can be accounted for using analytical solutions that rely on uniform flow fields. Nevertheless, we feel that MASST effectively describes the principal factors governing mass transfer from DNAPLs in porous media and that the insights gained have applicability to real DNAPL source zones.
At present, techniques presented in this paper are being extended to account for mass transfer from DNAPL source zones through time. This allows analysis of both the near-and long-term benefits of DNAPL source-zone remediation. Also, the techniques are being expanded to account for multicom ponent DNAPL and reactive transport.
